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ATP-Dependent Positive Supercoiling of DNA
by 13S Condensin: A Biochemical Implication
for Chromosome Condensation
Keiji Kimura and Tatsuya Hirano may play a regulatory role in mitosis-specific chromo-
somal targeting of condensins (Hirano et al., 1997).Cold Spring Harbor Laboratory
Genetic studies showed that the yeast homologs ofP. O. Box 100
XCAP-C and XCAP-E are required for proper segrega-Cold Spring Harbor, New York 11724
tion of mitotic chromosomes in vivo (Strunnikov et al.,
1993, 1995; Saka et al., 1994). ScII, a chicken homolog
of XCAP-E, is a major component of the chromosomeSummary
scaffold (Saitoh et al., 1994), a framework structure of
nonhistone proteins that is postulated to organize the13S condensin is a five-subunit protein complex that
chromatin loops in mitotic chromosomes (Laemmli etplays a central role in mitotic chromosome condensa-
al., 1978). Moreover, XCAP-H was found to be highlytion in Xenopus egg extracts. Two core subunits of this
homologous to the Drosophila Barren protein (Hiranocomplex, XCAP-C and XCAP-E, belong to an emerging
et al., 1997), a mutation of which shows a defect infamily of putative ATPases, the SMC family. We report
chromosome segregation in early embryos (Bhat et al.,here that13S condensin has a DNA-stimulated ATPase
1996). Thus, all these studies are consistent with struc-activity and exhibits a high affinity for structured DNAs
tural and functional contributions of the condensin sub-such as cruciform DNA. 13S condensin is able to intro-
units to mitotic chromosome dynamics.duce positive supercoils into a closed circular DNA in
Members of the SMC family share common structuralthe presence of bacterial or eukaryotic topoisomerase
motifs, which include an amino-terminal nucleotide-I. The supercoiling reaction is ATP-dependent. Wepro-
binding motif, two central coiled-coil regions, and a car-pose that 13S condensin wraps DNA in a right-handed
boxy-terminal conserved motif of unknown functiondirection by utilizing the energy of ATP hydrolysis. This
(reviewed by Hirano et al., 1995; Saitoh et al., 1995).reaction may represent a key mechanism underlying
Besides mitotic chromosome dynamics, SMC proteinsthe compaction of chromatin fibers during mitosis.
are involved in a wide variety of aspects of higher-order
chromosome dynamics, including dosage compensa-
Introduction tion (Chuang et al., 1994) and recombinational repair
(Lehmann et al., 1995; Jessberger et al., 1996). Recent
The assembly of mitotic chromosomes is a mechanisti- biochemical studies revealed that, like 13S condensin,
cally complex event, which involves at least two distinct other SMC proteins also associate with non-SMC sub-
processes. First, topologically entangled chromatin fibers units to form large protein complexes. In Caenorhabditis
are resolved into physically separate chromosome units. elegans, a protein complex involved in dosage compen-
Second, the resolved chromatin fibers condense further, sation consists of at least four subunits, including
exhibiting a 5- to 10-fold compaction relative to in- DPY-27, a member of the SMC family, and DPY-26, a
terphase fibers (z10,000-fold compaction relative to na- novel protein with limited similarity to XCAP-H (Chuang
ked DNA). The linkage of daughter DNAs in a chromo- et al., 1996; Lieb et al., 1996; Hirano et al., 1997). RC-1
some has to be maintained throughout these processes, is a protein complex that catalyzes a recombinational
eventually resulting in the formation of paired sister repair reaction in vitro and consists of two SMC sub-
chromatids with mirror symmetry. The molecular mech- units, DNA polymerase e and DNA ligase III (Jessberger
anisms underlying the coordinated changes of higher- et al., 1993, 1996). The specific roles of SMC subunits
order chromosome structure are poorly understood (re- in these multisubunit protein complexes are largely un-
viewed by Earnshaw, 1991; Hirano, 1995; Koshland and known.
Strunnikov, 1996). We showed previously that purified condensins are
Condensins are multisubunit protein complexes that able to drive chromosome condensation in the Xenopus
play a central role in mitotic chromosome assembly in cell-free system (Hirano et al., 1997), but their molecular
a cell-free system derived from Xenopus laevis eggs mechanism of action remains to be determined. On the
(Hirano and Mitchison, 1994; Hirano et al., 1997). They basis of the primary structure of the SMC subunits, con-
are most likely to be involved in the compactionprocess. densins have been proposed to have an ATP-dependent
The egg extracts contain two major forms of condensins activity that modulates higher-order chromatin structure
with sedimentation coefficients of 8S and 13S. Immuno- (Hirano et al., 1995). To test this prediction, we have
depletion and rescue experiments showed that 13Scon- purified 13S condensin from Xenopus egg extracts and
densin is absolutely required for mitotic chromosome characterized its biochemical properties. We find that
condensation in vitro whereas the role of 8S condensin purified 13S condensin binds directly to DNA and intro-
is less clear (Hirano et al., 1997). The two forms share duces positive supercoils into a relaxed circular DNA in
two core subunits, XCAP-C and XCAP-E, both of which the presence of bacterial or eukaryotic topoisomerase
are members of the evolutionarily conserved SMC I. The supercoiling reaction requires ATP hydrolysis, and
(structural maintenance of chromosomes) family of pro- 13S condensin has a DNA-stimulated ATPase activity.
teins (Strunnikov et al., 1993; Hirano and Mitchison, On the basis of these results, we propose a new model
1994). 13S condensin contains three additional sub- for chromosome condensation in which local superheli-
units, XCAP-D2, XCAP-G, and XCAP-H, all of which are cal tension of DNA generated by 13S condensin induces
gross rearrangement of a chromatin fiber.hyperphosphorylated in a mitosis-specific manner and
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Results
13S Condensin Mediates ATP-Dependent
Supercoiling of DNA in the Presence
of Bacterial or Eukaryotic
Topoisomerase I
We used anti-XCAP-G immunoaffinity chromatography
to purify 13S condensin from Xenopus egg mitotic ex-
tracts as described previously (Hirano et al., 1997). This
single-step purification yields a highly pure fraction that
mostly consists of the five subunits of 13S condensin,
XCAP-C, -D2, -E, -G, and -H (Figure 1A).
On the basis of the head±rod±tail structure of SMC
proteins, it has been proposed that they might act as
chromatin ªmotorsº that move along DNA in an ATP-
dependent manner (Strunnikov et al., 1993). There are
precedents for such translocating proteins (the so-
called DNA helix-tracking proteins), which include RNA
polymerases and DNA helicases. The pioneering work
of Liu and colleagues described an in vitro assay that
detects a translocation activity using bacterial topo-
isomerase I as a DNA conformation-specific probe (Tsao
et al., 1989; Yang et al., 1989). In the presence of this
enzyme, which removes negative but not positive su-
percoils, translocation of tracking proteins leads to ac-
cumulation of positive supercoils on the DNA template.
We used this assay to test if 13S condensin has such
a translocation activity. When an affinity-purified frac-
tion of 13S condensin was incubated with a relaxed
circular DNA in the presence of ATP and E. coli topo-
isomerase I, the DNA was converted into a ladder of
supercoiled DNAs (Figure 1B, lane 5). This supercoiling
reaction required the 13S condensin fraction, E. coli
topoisomerase I, and ATP. The omission of any one of
these factors abolished the supercoiling activity (Figure
1B, lanes 1±4 and 6±8).
We then replaced E. coli topoisomerase I with calf
thymus topoisomerase I in the supercoiling reactions.
Since eukaryotic topoisomerase I, unlike bacterial topo-
Figure 1. ATP-Dependent Positive Supercoiling of DNAby 13S Con-isomerase I, is able to relax both negative and positive
densinsupercoils, the unconstrained supercoils generated by
(A) Immunoaffinity purification. Peptide-eluted fractions were re-translocation of DNA helix-tracking proteins should be
solved by 7.5% SDS-PAGE and the gel was stained with silverremoved completely by this enzyme, resulting in no
(lane 1, load; lane 2, flow-through; and lanes 3±9, eluates). The five
change in the linking number (Tsao et al., 1989; Yang subunits of 13S condensin (XCAP-C, -D2, -E, -G, and -H) coeluted
et al., 1989). Surprisingly, however, we found that 13S in fractions 4 and 5. A pool of the two fractions was used for routine
assays.condensin was able to introduce supercoils into a re-
(B) One-dimensional supercoiling assay. A relaxed circular DNA waslaxed circular DNA that could not becanceled by eukary-
incubated with an affinity-purified fraction of 13S condensin (lanesotic topoisomerase I (Figure 1B, lane 9). This reaction
1, 2, 5, 6, 9, and 10) or with buffer alone (lanes 3, 4, 7, 8, 11, and
also required ATP (Figure 1B, lane 10) and could not be 12) in the presence (lanes 1, 3, 5, 7, 9, and 11) or absence (lanes 2,
supported by calf thymus topoisomerase I alone (Figure 4, 6, 8, 10, and12) of ATP. The reactions contained no topoisomerase
1B, lanes 11 and 12). These results suggest that the I (lanes 1±4), E. coli topoisomerase I (lanes 5±8), or calf thymus
topoisomerase I (lanes 9±12). The DNAs were purified, electropho-ATP-dependent supercoiling activity associated with
resed on a 0.7% agarose gel, and visualized by Southern blotting.13S condensin is distinct from the DNA helix-tracking
The positions of relaxed circular DNA (r) and a ladder of supercoiledactivity described previously. The actions of two differ-
DNAs (s) are indicated.
ent type I topoisomerases also suggest that the reaction (C) Antibody blocking. Supercoiling reactions were set up with 13S
products generated by 13S condensin are positively su- condensin (lanes 2±8) or with buffer alone (lane 1) in the presence
of calf thymus topoisomerase I and ATP. Before adding a relaxedpercoiled and that the supercoils are torsionally con-
circular DNA, the mixtures were preincubated with control IgG (lanestrained by 13S condensin binding. We also found that
3, 0.1 mg; lane 4, 1 mg) or anti-XCAP-E peptide antibody (lane 5, 0.1an affinity-purified, anti-peptide antibody against the
mg; lanes 6 and 7, 1 mg), and with (lanes 7 and 8) or without (lanes
XCAP-E subunit efficiently blocked the supercoiling re- 1±6) the XCAP-E peptide (0.1 mg).
action (Figure 1C, lanes 5 and 6). Furthermore, the
blocking was reversed by the addition of an excess
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amount of the antigen peptide (Figure 1C, lane 7), dem-
onstrating a specific contribution of the condensin sub-
unit to the supercoiling reaction.
When a supercoiled DNAwas incubated with theaffin-
ity-purified fraction of 13S condensin in the presence
or absence of ATP, no relaxation activity was detectable
under the conditions tested (data not shown). Moreover,
the addition of ICRF-193, a potent inhibitor of eukaryotic
topoisomerase II (Tanabe et al., 1991), had little effect
on the supercoiling activity of 13S condensin, sug-
gesting that conventional topoisomerase II activity does
not contribute to the observed supercoiling activity.
The Supercoiling Reaction Products
Are Positively Supercoiled
We then analyzed the supercoiled state of the reaction
products by two-dimensional gel electrophoresis with
the second dimension in the presence of chloroquine
(Wu et al., 1988). We found that the reaction products
generated by 13S condensin in the presence of E. coli
topoisomerase I and ATP migrated at positions ex-
pected to be positive supercoils (Figure 2A) (Wu et al., Figure 2. The Supercoiling Reaction Products Are Positively Su-
percoiled1988). To confirm this assignment, a negatively su-
A relaxed circular DNA was incubated with an affinity-purified frac-percoiled DNA was mixed with the purified reaction
tion of 13S condensin in the presence of ATP and either E. coliproduct and used as an internal mobility marker. We
topoisomerase I (A) or calf thymus topoisomerase I (C). For (B) andfound that it migrated as a spot different from the reac-
(D), negatively supercoiled DNA was added as an internal mobility
tion products (Figure 2B). Substitution of E. coli topo- marker to the reaction products of (A) and (C), respectively. Alterna-
isomerase I with calf thymus topoisomerase I also gen- tively, the mixture of deproteinized DNAs shown in (D) was further
erated positively supercoiled DNA (Figure 2C and 2D). treated with calf thymus topoisomerase I (E) or E. coli topoisomerase
I (F). The DNAs were purified, fractionated by two-dimensional aga-We often observed two separate populations of relaxed
rose gel electrophoresis, and visualized by Southern blotting. Theand fully supercoiled DNAs when calf thymus enzyme
positions of different forms of DNA are indicated as follows: posi-was used. The ratio of the two populations was variable
tively supercoiled (1), relaxed circular (2), negatively supercoiled (3),
between different experiments, and in some cases only and nicked circular (4), and linearized (5) DNAs.
the fully supercoiled population was detected (data not
shown). The extent of final supercoiling was more exten-
sive when calf thymus topoisomerase I was used (com-
the hydrolysis of ATP. ATPgS,a slowly hydrolyzable ATPpare Figures 2A and 2C). In the presence of bacterial
analog, and GTP exhibited very weak activities (Figuretopoisomerase I, a higher concentration of 13S con-
3A, lanes 5, 6, 9, and 10).densin was required to induce a similar degree of su-
We then assayed 13S condensin for ATPase activity.percoiling to that obtained with calf thymus topoisomer-
We detected an ATPase activity in the affinity-purifiedase I (data not shown). The identification of the reaction
fraction of 13S condensin that was stimulated z5-foldproducts as positively supercoiled DNA was further con-
in the presence of double-stranded closed circular DNAfirmedby subsequent treatment of the reaction products
(Figure 3B, columns 3 and 4). The stimulation of ATPasewith topoisomerases. The reaction products produced
was less efficient (z2-fold) when single-stranded DNAby 13S condensin in the presence of calf thymus topo-
was used as an effector DNA (Figure 3B, column 5). Theisomerase I were deproteinized, mixed with negatively
specific activity of the ATPase was z50 pmol of ATPsupercoiled DNA, and then treated with calf thymus or
hydrolyzed/min/pmol of 13S condensin in the presenceE. coli topoisomerase I. The reaction products were re-
of relaxed circular double-stranded DNA. An analysis oflaxed by calf thymus topoisomerase I (Figure 2E), but
ATPase kinetics with constant protein and DNA wasnot by E. coli topoisomerase I (Figure 2F). In contrast,
performed over a range of ATP concentrations of 10 tothe negatively supercoiled DNAexogenously addedwas
3000 mM, and the Km was estimated to be z180 mM ATP.converted into a relaxed DNA ladder by both eukaryotic
The ATPase activity cofractionated specifically with 13Sand prokaryotic topoisomerases (Figures 2E and 2F).
condensin during heparin-Sepharose chromatography
or sucrose gradient sedimentation (see below). We con-
Requirement for ATP Hydrolysis in the clude, therefore, that 13S condensin has a DNA-stimu-
Supercoiling Reaction lated ATPase activity.
Next, we examined the effects of ATP analogs and other
nucleotides on the supercoiling activity. Supercoiling
activity was obvious in the presence of ATP (Figure 3A, Stoichiometric Contribution of 13S Condensin
to the Supercoiling Reactionlanes 1±4), but not detectable when ATP was substituted
with ADP or AMP-PNP (Figure 3A, lanes 7, 8, 11, and To investigate the mechanism of the supercoiling
reaction supported by 13S condensin, a protein titration12), suggesting that the supercoiling activity requires
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Figure 4. Stoichiometric Requirement for 13S Condensin in the Su-
percoiling Reaction
A closed circular DNA was incubated with increasing amounts of
an affinity-purified fraction of 13S condensin and a fixed amount of
E. coli topoisomerase I in the presence (lanes 3±7) or absence (lanes
10±14) of ATP. As a negative control, buffer alone (lanes 2 and 9)
or buffer containing the elution peptide (lanes 1 and 8) was used in
the presence (lanes 1 and 2) or absence (lanes 8 and 9) of ATP.Figure 3. Requirement for ATP Hydrolysis in the Supercoiling Re-
DNA was purified and subjected to the standard supercoiling assayaction
(upper panels). The same set of reactions was set up without topo-(A) Effects of nucleotide analogs on supercoiling. A relaxed circular
isomerase I and loaded directly onto a 0.7% agarose gel. The 13SDNA was incubated with an affinity-purified fraction of 13S con-
condensin-DNA complexes were visualized by Southern blottingdensin (lanes 2, 4, 6, 8, 10, and 12) or with buffer alone (lanes 1, 3,
(lower panels). The positions of the free substrates (arrow) and the5, 7, 9, and 11) in the presence of no topoisomerase I (upper panel),
protein±DNA complexes (asterisk) are indicated. The molar ratiosE. coli topoisomerase I (middle panel), or calf thymus topoisomerase
of 13S condensin-to-DNA present in the reaction mixtures wereI (bottom panel). The reactions were supplemented with no nucleo-
z3.8:1 (lanes 3 and 10), z7.5:1 (lanes 4 and 11), z15:1 (lanes 5 andtide (lanes 1 and 2), 4 mM ATP (lanes 3 and 4), 4 mM ATPgS (lanes
12), z30:1 (lanes 6 and 13), or z60:1 (lanes 7 and 14). The population5 and 6), 4 mM ADP (lanes 7 and 8), 4 mM GTP (lanes 9 and 10), or
of DNA that was not subject to supercoiling in high dosage of 13S4 mM AMP-PNP (lanes 11 and 12). DNA was purified, electropho-
condensin (upper panel, lane 7) represents the nicked circular formresed in a 0.7% agarose gel, and visualized by Southern blotting.
(see Figure 2A, position 4).The positions of relaxed circular DNA (r) and a ladder of supercoiled
DNAs (s) are indicated.
(B) ATPase assay. An affinity-purified fraction of 13S condensin
condensin over DNA was required to generate multiple(columns 3±5) or buffer alone (columns 1 and 2) was assayed for
supercoils. The most efficient supercoiling was ob-ATPase activity without DNA (columns 1 and 3), with double-
stranded relaxed circular DNA (columns 2 and 4), or with single- servedat the highest molar ratio tested of 13Scondensin
stranded DNA (column 5). ATP and hydrolyzed ADP were separated to DNA, which we estimated to be z60-fold (Figure 4,
by thin layer chromatography and quantitated. The activities are upper, lane 7). This ratio corresponds to the standard
shown as picomoles of ATP hydrolyzed/min/pmol of 13S condensin.
reaction conditions used in the previous experiments
(Figures 2 and 3). The mobility of the 13S condensin-
DNA complexes decreased progressively with increas-
ing concentrations of 13S condensin (Figure 4, lower).
It appears that 13S condensin bound cooperatively toexperiment was performed. We incubated a relaxed cir-
cular DNA with increasing amounts of 13S condensin DNA under the conditions in which supercoiling was
observed (Figure 4, lower, lanes 5±7). These results sug-and a fixed amount of E. coli topoisomerase I in the
presence or absence of ATP, and assayed for the su- gest that the supercoiling reaction supported by 13S
condensin is a stoichiometric rather than a catalyticpercoiling activity. In addition, the same set of reactions
was set up without topoisomerase I and assayed for reaction. The apparent stoichiometric contribution is
consistent with a structural role for condensins in chro-DNA binding of 13S condensin by an electrophoretic
mobility shift assay. We found that an excess of 13S mosome condensation (Hirano et al., 1997). We also
Positive Supercoiling of DNA by 13S Condensin
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found that the omission of ATP had little impact on DNA
binding per se, while the supercoiling reaction abso-
lutely required ATP (Figure 4, compare lanes 1±7 and
8±14). We then substituted E. coli topoisomerase I with
calf thymus topoisomerase I and obtained a similar re-
sult (data not shown).
DNA-Binding Properties of 13S Condensin
To get more insight into the mechanism of 13S condensin
function, we examined its DNA-binding properties. We
first tested if 13S condensin recognizes structured DNAs,
such as cruciform DNA. A synthetic cruciform DNA was
prepared as described by Bianchi (1988) and used as a
probe in an electrophoretic mobility shift assay (Figure
5A, top). To distinguish between structure-specific and
sequence-specific binding, we also synthesized a pair
of duplex ªarmº DNAs (35 bp and 40 bp) containing the
same sequences as the cruciform probe (Figure 5A,
center and bottom). We found that 13S condensin binds
preferentially to the cruciform DNA. 13S condensin
started to form a large protein±DNA complex with the
cruciform DNA at low protein concentrations (Figure 5B,
top, lanes 5±6). In contrast, the mobility of the duplex
DNA probes rarely shifted at the same protein concen-
trations (Figure 5B, center and bottom, lanes 5±6). At
the highest protein concentration tested, almost all the
input cruciform DNA was shifted whereas only weak
binding activities were detected with the duplex DNAs
(Figure 5B, lane 7). Competition experiments further
confirmed the specific binding of 13S condensin to the
cruciform DNA: cruciform binding was competed out
with excess amounts of cruciform DNA (Figure 5C, top,
lanes 6±8), but not with duplex DNAs (Figure 5C, top,
lanes 3±5). In contrast, the formation of 13S condensin±
duplex DNA complexes was abolished by both the cruci-
form and duplex competitors with the same efficiency
(Figure 5C, center and bottom).
We next tested the DNA length dependence of the13S
condensin±DNA interaction. We used double-stranded
Figure 5. DNA-Binding Properties of 13S Condensin DNA fragments of different lengths (100, 300, and 600
(A) Cruciform and linear duplex probes used for the DNA-binding bp) as probes in a DNA-binding assay. The 300 and
experiments. Duplex (1) and duplex (2) have sequences identical to 600 bp fragments were ligated products of the 100 bp
the north/west (N/W) and the south/east (S/E) arms, respectively, fragment so that the three probes contained the same
of the cruciform DNA.
(B) Cruciform-binding (protein titration). Labeled cruciform DNA was
incubated with increasing concentrations of affinity-purified 13S
condensin (lanes 3, 4, 5, 6, and 7) or buffer alone with (lane 1) or
without (lane 2) the elution peptide. DNA binding was analyzed by using an electrophoretic mobility shift assay and quantitated. The
an electrophoretic mobility shift assay followed by autoradiography. ratio (%) of bound/input DNA is shown.
The protein±DNA complexes are indicated by asterisks and the free (E) DNA length dependence (fixed weight). A fixed weight (200 pg/5
probes are indicated by arrows. The molar ratios of protein-to-DNA ml reaction) of linear DNA probes was used in the same DNA binding-
present in the reaction mixtures were z3.8:1 (lane 3), z7.5:1 (lane assay as shown in (D).
4), z15:1 (lane 5), z30:1 (lane 6), or z60:1 (lane 7). (F) DNA length dependence (competition). A fixed weight (70 pg/5
(C) Cruciform binding (competition). The DNA-binding reactions ml reaction) of 100 bp (upper left panel) or 600 bp (lower left panel)
were performed at a fixed concentration of protein-to-labeled DNA labeled DNA probe was incubated with 13S condensin (200 fmol/5
(z60:1; lanes 2±8). Increasing concentrations of unlabeled duplex ml reaction for the 100 bp probe and 100 fmol/5 ml reaction for the
DNA (lanes 3, 4, and 5) or cruciform DNA (lanes 6, 7, and 8) were 600 bp probe). Increasing concentrations of unlabeled 100 bp DNA
added as competitors into the binding reactions. The molar ratios (lanes 3, 4, 5, and 6) or 600 bp DNA (lanes 7, 8, 9, and 10) were
of labeled-to-unlabeled DNA were 1:0 (lane 2), 1:5 (lanes 3 and 6), added as competitors into the binding reactions. The ratios (w/w)
1:50 (lanes 4 and 7), or 1:500 (lanes 5 and 8). Neither protein nor of labeled-to-unlabeled DNA were 1:0 (lane 2), 1:1 (lanes 3 and 7),
competitor DNA was added into lane 1. 1:6 (lanes 4 and 8), 1:36 (lanes 5 and 9), or 1:216 (lanes 6 and 10).
(D) DNA length dependence (fixed concentration). A fixedconcentra- Neither protein nor competitor DNA was added into lane 1. The
tion of linear DNA probes (1 fmol/5 ml reaction) of three different binding efficiencies were quantitated and are shown as ratio (%) of
lengths (600 bp, open circle; 300 bp, circle; and 100 bp, open square) bound/input DNA (upper right panel,100 bp probe; lower right panel,
was incubated with increasing concentrations of affinity-purified 600 bp probe; circle, competition with 100 bp; open circle, competi-
13S condensin (0±100 fmol/5 ml reaction).DNA binding was analyzed tion with 600 bp).
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sequence. When the different probes were tested sepa-
rately at a fixed concentration, 13S condensin bound
preferentially to longer DNA fragments (Figure 5D). This
was also the case when we used the same set of probes
at a fixed weight (Figure 5E). Competition experiments
further confirmed the preferential binding of 13S con-
densin to the 600 bp fragment compared to the 100
bp fragment (Figure 5F). These results show that 13S
condensin has a higher affinity for long DNA fragments,
consistent with the idea that it may wrap DNA around
itself, forming a stable complex (see Discussion).
Cofractionation of 13S Condensin
with the Biochemical Activities
Since the amounts of purified 13S condensin available
for routine studies were very limited, we used affinity-
purified fractions in most of the experiments described
above. To confirm that 13S condensin is indeed respon-
sible for these activities, we further fractionated an affin-
ity-purified fraction by heparin-Sepharose column chro-
matography. The five subunits of 13S condensin bound
to this resin and eluted in the 0.4 M KCl step (Figures
6Aa and 6Ab, lane 4). Other polypeptides were barely
detectable in this fraction, and most of the contaminat-
ing polypeptides were found in the flow-through fraction
(Figure 6Aa, lane 2). These fractions were assayed for
DNA-stimulated ATPase (Figure 6Ac), supercoiling (Fig-
ures 6Ad and 6Ae), and cruciform binding (Figure 6Af)
activities. We found that all the activities cofractionated
with 13S condensin in the 0.4 M KCl-eluate (Figures
6Ac±6Af, lane 4). In a separate experiment, we fraction-
ated the affinity-purified fraction by sucrose gradient
sedimentation and found that 13S condensin copurified
with a single peak of the DNA-stimulated ATPase activity
(Figure 6B). These results suggest strongly that the ATP-
dependent positive supercoiling activity and the ATPase
activity are intrinsic to 13S condensin.
Discussion
We report here that 13S condensin is able to introduce
positive supercoils into a relaxed circular DNA in the
presence of ATP and topoisomerase I. Figure 7A sum-
marizes our explanation for the supercoiling reaction.
We speculate that 13S condensin wraps DNA in a right-
handed direction, generating positive supercoils, by uti-
lizing the energy of ATP hydrolysis (Figure 7Ab; shown
by 1). The torsional stress leads to accumulation of
unconstrained negative supercoils in the protein-free
region of the DNA (Figure 7Ab; shown by 2). Topoisom-
Figure 6. Cofractionation of 13S Condensin and the Biochemical
erase I is able to remove these negative but not theActivities
positive supercoils that are constrained by condensin(A) Heparin-Sepharose chromatography. An affinity-purified fraction
binding (Figure 7Ac). The subsequent deproteinizationof 13S condensin was fractionated further on a heparin-Sepharose
column. Fractions were resolved by 7.5% SDS-PAGE and stained
with silver (a) or analyzed by immunoblotting with antibodies against
condensin subunits (b). The same fractions were assayed for
ATPase activity in the presence (bar) or absence (open bar) of dou- (B) Sucrose gradient sedimentation. An affinity-purified fraction of
13S condensin was fractionated in a 5%±20% sucrose gradient.ble-stranded DNA (c), for supercoiling activity in the presence of E.
Fractions were resolved by 7.5% SDS-PAGE followed by silver staincoli topoisomerase I (d), for supercoiling activity in the presence of
(a) or assayed for ATPase activity in the presence (bar) or absencecalf thymus topoisomerase I (e), or for cruciform-binding activity (f).
(open bar) of double-stranded DNA (b).Lanes 1±15, sucrosegradientFor the ATPase assays, percent ATP hydrolysis to ADP is shown.
fractions; lane 16, affinity-purified fraction; lane 17, affinity-purifiedThe fractions were load (lane 1), flow-through (lane 2), 0.15 M KCl-
fraction after concentration with a carrier protein BSA (i.e., beforeeluate (lane 3), 0.4 M KCl-eluate (lane 4), 0.6 M KCl-eluate (lane 5),
loading onto the gradient).0.8 M KCl-eluate (lane 6), and no protein (lane 0).
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product is highly negatively supercoiled DNA. Thus,
these two classes of activities are mechanistically dis-
tinct from the ATP-dependent positive supercoiling as-
sociated with 13S condensin. In addition, it should be
emphasized that 13S condensin is unable to change the
linking number of DNA by itself and is therefore different
from reversegyrase, a type I topoisomerase that catalyt-
ically introduces unconstrained positive supercoils into
a relaxed circular DNA (Nakasu and Kikuchi, 1985).
13S Condensin Recognizes Distorted
Regions of DNA?
We consider two possible mechanisms for the preferen-
tial binding of 13S condensin to cruciform DNA. First,
13S condensin might have a high affinity for DNA cross-
overs because the structure in the synthetic cruciform
DNA mimics that of the crossover point of two duplex
DNAs. However, we do not think it likely because 13S
condensin is not able to distinguishbetween relaxed and
supercoiled DNAs in a binding assay (K. K., unpublished
data). This is in contrast to topoisomerase II, which rec-
ognizes DNA crossovers and displays a higher affinity
for supercoiled DNA (Zechiedrich and Osheroff, 1990).
We therefore favor a second possibility that 13S con-
densin interacts preferentially with distorted DNAs such
as bent DNA. This is consistent with our observation
that 13S condensin displays a length dependence for
its DNA binding: a long DNA fragment is structurally
more flexible compared with a short one, thereby beingFigure 7. Positive Supercoiling of DNA Induced by 13S condensin.
likely to have more distorted regions in a single DNA
(A) The supercoiling assay. See the text.
molecule. We speculate that the selective binding of(B) A superhelical tension model for mitotic chromosome condensa-
13S condensin to structurally distorted regions of DNAtion. See the text.
may initiate or facilitate its DNA wrapping reaction. It
remains to be determined if 13S condensin has an abilityresults in the formation of positively supercoiled DNA
to mediate protein-induced DNA bending.
(Figure 7Ad). An alternative model is that 13S condensin
The DNA-binding properties of 13S condensin share
induces overwinding of the DNA helix by hydrolyzing
several features with high mobility group (HMG)-domain
ATP. While we cannot rule out this possibility, the DNA
proteins (reviewed by Grosschedl et al., 1994): HMG-1,
binding properties of 13S condensin argue in favor of the prototype of this group of proteins, recognizes cruci-
the wrapping mechanism (see below). form DNAs (Bianchi et al., 1989), binds specifically to
bent DNAs (Pil and Lippard, 1992), and introduces su-
Comparison with Other ATP-Dependent Enzymes percoils into a circular DNA (Javaherian et al., 1978).
That Induce Superhelical Tension The supercoiling reaction is noncatalytic and is likely to
At least two classes of proteins have been reported to involve a looping or a wrapping mechanism (e.g., Stros
induce ATP-dependent topological changes of a closed et al., 1994). Despite these similarities, there are two
circular DNA in the presence of topoisomerase I. The important functional differences between the two
first class includes the so-called DNAhelix-tracking pro- classes of proteins. First, 13S condensin requires ATP
teins (reviewed by Droge, 1994). Translocation of these for supercoiling whereas HMG-domain proteins do not.
proteins on DNA generates local positive supercoils Second, the directions of DNA supercoiling are oppo-
ahead of the moving proteins and negative supercoils site: 13S condensin wraps DNA in a right-handed direc-
behind them. Since both types of supercoils are topolog- tion whereas HMG-domain proteins, like histone octa-
ically unconstrained, E. coli topoisomerase I, when mers, appear to do so in a left-handed direction.
supplemented into the tracking reaction, selectively re- Previous examples of right-handed DNA wrapping pro-
moves the negative supercoils, resulting in accumula- teins include DNA gyrase (Liu and Wang, 1978) and the
tion of positive supercoils on the DNA. This tracking archaeal histone HMf (Musgrave et al. 1991). The DNA
activity may be related to the helicase (strand displace- wrapping by the two proteins does not require ATP,
ment) activity, but only a subset of the known helicases again being distinct from the activity of 13S condensin.
exhibits the tracking activity (Yang et al., 1989; Koo Thus, to our knowledge, ATP-dependent positive su-
et al., 1991). The second class is represented by the percoiling of DNA in the presence of topoisomerase I is
bacterial recA protein, which unwinds the double helix a novel activity that is unique to 13S condensin.
in an ATP-dependent manner (Ohtani et al., 1982). Un-
winding of the DNA helix leads to the generation of How Is the Energy of ATP Hydrolysis Utilized?
unconstrained positive supercoils, which can be re- The positive supercoiling reaction supported by 13S
condensin requires ATP hydrolysis. We also show thatmoved by eukaryotic topoisomerase I. The final reaction
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13S condensin has a DNA-stimulated ATPase activity. formation of the chromatin loops, shortening of the in-
terloop axis, and folding of the torsionally constrainedWhile we do not know which subunit(s) of 13S condensin
is responsible for these activities, the requirement for loops (Mullinger and Johnson, 1980; Koshland and
Strunnikov, 1996). The superhelical tension model de-ATP hydrolysis strongly suggests that the XCAP-C and
XCAP-E subunits are indispensable. A genetic study of picted in Figure 7B might provide a simple explanation
for the direct coupling of these three steps if, for in-DPY-27 suggested that the putative ATP-binding motif
conserved among SMC proteins is essential for their stance, 13S condensin molecules were located at the
base of the loops. Consistent with this idea, ScII, aactivity in vivo (Chuang et al., 1994). How does 13S
condensin utilize the energy of ATP hydrolysis in the chicken homolog of XCAP-E, was identified as a major
component of the chromosome scaffold (Saitoh et al.,supercoiling reaction? One possible mechanism is that
the energy of ATP hydrolysis is required for the postu- 1994), a subchromosomalstructure believed to organize
the chromatin loops (Laemmli et al., 1978). It is equallylated wrapping reaction per se. For example, 13S con-
densin might mediate an energy-dependent distortion possible, however, that the supercoiling reaction might
underlieother proposed mechanisms of chromatin com-or bending of DNA. Alternatively, ATP-binding and hy-
drolysis could regulate protein±protein interactions be- paction, such as successive helical coiling (Sedat and
Manuelidis, 1978) or more complex hierarchical foldingtween different condensin molecules (Hirano et al.,
1995), which in turn facilitate theDNA wrapping reaction. (Belmont et al., 1987).
DNA supercoiling is ubiquitous in living cells and isFinally, we cannot exclude the possibility that 13S con-
densin might overwind the DNA helix by an energy- known to participate in many different DNA transactions
(reviewed by Kanaar and Cozzarelli, 1992). It is temptingdependent mechanism. Future experiments combined
with electron microscopy should distinguish among to speculate that the ATP-dependent positive supercoil-
ing activity described here might be shared with otherthese possibilities.
SMC protein complexes involved in gene regulation and
DNA repair (Chuang et al., 1996; Jessberger et al., 1996).
A Superhelical Tension Model for Furthermore, it is notable that SMC proteins are also
Chromosome Condensation present in some prokaryotes (Strunnikov et al., 1993).
The condensin complexes play a central role in mitotic Recent progress in genome sequencing projects has
chromosome condensation in vitro both structurally and identified additional members of the SMC family in the
functionally (Hirano and Mitchison, 1994; Hirano et al. archaeon microbe Methanococcus jannaschii (Bult et
1997). How might the supercoiling activity of 13S con- al., 1996) as well as in a number of bacterial species
densin contribute to chromosome condensation? We (Fraser et al., 1995; Oguro et al., 1995). We hypothesize,
propose here a highly speculative model in which super- therefore, that the primary reaction catalyzed by SMC
helical tension of DNA generated by 13S condensin acts proteins is a fundamental one that is universally con-
as a driving force for the compaction of a chromatin served in the three phyla. It would be interesting to
fiber. In this model, we assume that chromosomal DNA test if the noneukaryotic SMC proteins also share a
has high-affinity sites for condensin binding (Figure 7Ba; mechanism of action common to that of 13S condensin.
shown by boxes). They are likely to consist of structural
motifs, such as AT-rich DNA or bent DNA, rather than Experimental Procedures
specific sequences. Condensins bind to these sites and
Purification of 13S Condensinlocally introduce positive supercoils by utilizing the en-
13S condensin was purified from Xenopus egg mitotic extracts byergy of ATP hydrolysis (Figure 7Bb; shown by 1). Such
immunoaffinity chromatography as described previously (Hirano etstructural changes lead to accumulation of superhelical
al., 1997). In brief, a rabbit polyclonal antibody was raised against
tension in the adjacent regions of DNA (Figure 7Bb; the C-terminal peptide of XCAP-G and affinity-purified against the
shown by 2), which in turn contributes to the compac- same peptide. Affinity-purified antibody (100 mg) was coupled to
200 ml of protein A-agarose beads (GIBCO-BRL) as described (Har-tion of the chromatin fiber (Figure 7Bc). In addition, pro-
low and Lane, 1988). The antibody beads were mixed with 2 ml oftein±protein interactions of condensin molecules might
mitotic high-speed supernatant and incubated at 48C for 1 hr. Theenhance and stabilize the compaction process. Alterna-
mixture was poured into a 1 ml column (Bio-Rad), washed succes-tively, a single binding site might serve as a nucleation
sively with 80 column volumes of XBE2-gly (20 mM potassium
site for assembly of condensins, which triggers the pro- HEPES [pH 7.7], 100 mM KCl, 2 mM MgCl2, 5 mM EGTA, and 10%
gression of structural deformation of the chromatin fiber. glycerol), 10 V of XBE2-gly containing 0.4 M KCl, and 10 V of XBE2-
gly. XBE2-gly (6 V) containing the XCAP-G peptide at a final concen-It should be mentioned that genetic interactions have
tration of 0.4 mg/ml was used for elution. For further purification,been reported between topoisomerases and the fission
an affinity-purified fraction from 8 ml of high-speed supernatant wasyeast homolog of XCAP-C (Saka et al., 1994), supporting
loaded onto a 200 ml heparin-Sepharose CL-6B (Pharmacia) columna role for 13S condensin in the regulation of DNA to-
equilibrated with XBE2-gly. The column was washed with 1 ml of
pology. the same buffer and eluted stepwise with 1 ml of XBE2-gly con-
Extensive efforts have been madetoward understand- taining 0.2, 0.4, 0.6, and 0.8 M KCl. The samples were supplemented
with BSA at a final concentration of 100 mg/ml, and the salt concen-ing the architecture of mitotic chromosomes, and nu-
trations were reduced to z50 mM KCl in Microcon 30 concentratorsmerous models have been proposed. One of them, the
(Amicon) before the samples were assayed. For sucrose gradientradial loop model, suggests that a chromatin fiber is
sedimentation, an affinity-purified fraction from 4 ml of high-speedorganized into loop domains, radiating from the central
supernatantwas concentrated to a final volume of 100ml in Microcon
axis of a mitotic chromosome (Paulson and Laemmli, 30 and then loaded onto a 5 ml linear gradient containing 5% to
1977). One prediction from this model is that chromo- 20% sucrose in XBE2 containing 50 mM KCl. The gradient was spun
at 39,000 rpm (180,000 3 g) for 15 hr in an SW 50.1 rotor (Beckman).some compaction is achieved by three distinct steps:
Positive Supercoiling of DNA by 13S Condensin
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Fractions were analyzed by SDS-PAGE, or assayed for DNA-stimu- GTGATAGGTGCAGGGGTTATAGGG-39), oligonucleotide 3 (59-AAC
AGTAGCTCTTATTCGAGCTCGCGCCCTATCACGACTA-39), and oli-lated ATPase activity after concentration.
gonucleotide 4 (59-TTTATCAGACTGGAATTCAAGCGCGAGCTCGA
ATAAGAGCTACTGT-39); the duplex 1 was constructed from oligonu-Purification of E. coli and Calf Thymus Topoisomerase I
cleotide 1 and oligonucleotide 6 (59-TTTATCAGACTGGAATTCAATGE. coli topoisomerase I was purified from an overexpressing strain
CAGGGGTTATAGGG-39); and the duplex 2 was constructed fromas described previously (Lynn and Wang, 1989). The purified protein
oligonucleotide 3 and oligonucleotide 5 (59-GTAGTCGTGATAGGGCwas dialyzed against 20 mM potassium HEPES (pH 7.7), 0.1 M KCl,
GCGAGCTCGAATAAGAGCTACTGT-39). Double-stranded DNAs of1 mM EDTA, 1 mM 2-mercaptoethanol, and 50% glycerol, and stored
different length were prepared from a commercially available 100at 2208C, or frozen at 2808C. The purity of the final fraction was .
bp ladder (GIBCO-BRL). The DNA mixture was end-labeled by treat-95% as judged by SDS-PAGE followed by Coomassie blue staining.
ment with calf intestinal alkaline phosphatase followed by 59-endEukaryotic topoisomerase I was purified from calf thymus as de-
labeling with T4 polynucleotide kinase and [g-32P]ATP. The 100 toscribed previously (Liu and Miller, 1981), with some modifications.
600 bp bands were gel-purified.In brief, frozen calf thymus (350 g, Pel-freez Biological) was dis-
rupted with a Waring blender in buffer A (10 mM Tris-HCl [pH 7.5],
0.5 mM EDTA, 10 mM KCl, 0.25 M sucrose, 10% glycerol, 0.8 mM ATPase Assay
PMSF, and 1 mM dithiothreitol) and spun at 15,000 3 g for 30 min. 13S condensin (0.3 pmol) was incubated at 228C with [a-32P]ATP (1
The pellet was resuspended and extracted with buffer B (25 mM nCi) in 5 ml of a buffer containing 10 mM potassium HEPES (pH 7.7),
potassium phosphate [pH 7.0], 10% glycerol, 0.01% NP40, 10 mM 50 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 300 mM MgATP, 5 mM2-mercaptoethanol, 10 mM sodium bisulfite [pH 7.0], and 0.5 M EGTA, 1 mM dithiothreitol, and 0.5 mg/ml bovine serum albumin.
PMSF) containing 0.35 M KCl and then spun at 15,000 3 g for 30 Aliquots (1 ml) were taken after various times (0 to 60 min), and the
min. The supernatant was treated with 0.1% Polymin-P to remove reactions were stopped by adding 1 ml of 1% SDS. One ml of the
nucleic acids, and fractionated by two-step precipitation with reaction mixture was then spotted on a PEI-cellulose thin layer
ammonium sulfate. Topoisomerase I was then purified by chroma- chromatography (TLC) plate (Selecto Scientific) and developed in 1
tography on blue agarose (Bio-Rad), hydroxyapatite (Bio-Rad), and M HCOOH, 0.5 M LiCl. Radiolabeled ATP and ADP were quantitated
phosphocellulose (P11; Whatman) columns. Fractions containing with an image analyzer (BAS 2000 Fuji Photofilm). DNA-dependent
topoisomerase I activity were dialyzed against buffer A containing and -independent ATPase activities were assayed in the presence
50% glycerol and stored at 2208C. The purity of the final fraction or absence of relaxed circular plasmid DNA at a final concentration
was .90% as judged by SDS-PAGE followed by Coomassie blue of 0.25 mg/ml. For Figure 6, a low concentration of cold ATP (100
staining. We also used calf thymus topoisomerase I derived from a
mM) and a longer incubation time (120 min) were necessary to in-
commercial source (GIBCO-BRL) and obtained identical results in crease the sensitivity. Under these conditions, ATP hydrolysis oc-
supercoiling assays. curred in a nonlinear fashion, and the extent of DNA stimulation was
different from that achieved under optimal conditions (Figure 3).
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